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 Background: Genetic generalized epilepsies (GGEs) are associated with microstructural brain abnormalities that can be eval-
uated with diffusion tensor imaging (DTI). Available studies on GGEs have conflicting results. Our primary goal 
was to compare the white matter structure in a cohort of patients with video/EEG-confirmed GGEs to healthy 
controls (HCs). Our secondary goal was to assess the potential effect of age at GGE onset on the white matter 
structure.
 Material/Methods: A convenience sample of 23 patients with well-characterized treatment-resistant GGEs (13 female) was com-
pared to 23 HCs. All participants received MRI at 3T. DTI indices, including fractional anisotropy (FA) and mean 
diffusivity (MD), were compared between groups using Tract-Based Spatial Statistics (TBSS).
 Results: After controlling for differences between groups, abnormalities in DTI parameters were observed in patients 
with GGEs, including decreases in functional anisotropy (FA) in the hemispheric (left>right) and brain stem white 
matter. The examination of the effect of age at GGE onset on the white matter integrity revealed a significant 
negative correlation in the left parietal white matter region FA (R=–0.504; p=0.017); similar trends were ob-
served in the white matter underlying left motor cortex (R=–0.357; p=0.103) and left posterior limb of the in-
ternal capsule (R=–0.319; p=0.148).
 Conclusions: Our study confirms the presence of widespread white matter abnormalities in patients with GGEs and provides 
evidence that the age at GGE onset may have an important effect on white matter integrity.
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Background
The most recent definition of genetic generalized epilepsies 
(GGEs) abandons the term “generalized onset” and the idea 
of the involvement of the entire cortex in seizure origination, 
in lieu of a new definition that purports that a portion of the 
bilaterally distributed seizure network generates the ictal dis-
charge [1–3]. While seizure onset may appear to be local-
ized, with focal clinical symptoms present in up to 64% of pa-
tients [4], based on this new definition, the localization and 
even lateralization of seizure onset may be changing from 
one seizure to another and from one individual to another. At 
present, the role of cortical oscillations in generating general-
ized spike and wave discharges (GSWDs) and the role of the 
thalamus in maintaining generalized discharges and seizures 
are emphasized [5–7].
In general, epilepsy is considered to be a disorder of abnor-
mal structural and functional connections between neurons 
and/or groups of neurons [8]. In recent years, neuroimaging 
has allowed us to build dynamic models of brain activity and 
assess structural (SC) and functional connectivity (FC) in the 
brain. These 2 measures are considered to reflect each other: 
SC (measured with DTI) assesses the direct connections be-
tween various brain structures, while FC (measured with fMRI) 
assesses the functional interactions between regions that are 
not necessarily connected directly but may be connected via 
a third region [9]. Applying these concepts to patients with 
GGEs is important because in these patients the site of seizure 
onset and the origin of GSWDs continue to be questioned. It 
is clear that while at least 1 node of the network for seizure 
generation and maintenance needs to generate the epilepti-
form discharge, there is rapid involvement of the entire net-
work in the event, which results in clinical presentation of an 
absence, myoclonic, or generalized seizure; the node involved 
in the generation of GSWDs and seizures may be different de-
pending on, for example, the epilepsy syndrome and clinical 
response to antiepileptic drugs (AEDs) [1,10,11].
In addition to a number of EEG [12,13], structural [14,15], 
spectroscopy and EEG/fMRI [16,17], and neuropsychological 
studies [18–20], recent efforts in patients with GGEs have fo-
cused on the evaluation of structural and functional connec-
tivity. One study in 10 patients with juvenile myoclonic epilep-
sy (JME) found the most reduced functional anisotropy (FA) in 
white matter tracts connecting the anterior thalamus and pre-
frontal cortices; the reduction in FA was proportional to the 
number of generalized tonic-clonic seizures experienced by 
participants [21]. A larger study identified reduction in struc-
tural connectivity (reduced FA and increased mean diffusivity 
[MD]) of the supplementary motor area in patients with JME 
compared to controls and patients with frontal lobe epilep-
sies [22]. In this, and in other studies, for example, Du et al. [23], 
the differences between healthy controls and patients with 
GGEs were greater on the left than on the right. Other studies 
identified additional areas of white matter involvement, with 
these abnormalities associated with disease severity [24,25]. 
Thus, the importance of studying white matter integrity with 
DTI lies in the fact that identifying the underlying abnormali-
ties in structural connectivity may help to determine the cause 
of the GGEs (or the reasons for treatment refractoriness) and 
evaluate the long-term effects of GGEs on brain function, in-
cluding cognitive and behavioral disturbances.
Various approaches have been used for the evaluation of white 
matter structural connectivity in GGEs. Some studies have ex-
amined the integrity of specific white matter tracts [25]. Other 
studies have restricted their analyses to specific and predefined 
brain regions [26] or have utilized whole-brain white matter 
investigations to derive indices specific to various brain re-
gions, including thalamo-cortical connections [21], corona ra-
diata and corpus callosum [24], or corpus callosum underly-
ing reductions in gray matter volume [27]. Our primary goal 
was to compare the white matter structure in a cohort of pa-
tients with video/EEG-confirmed GGEs to healthy controls with 
the hypothesis that patients with GGEs exhibit abnormalities 
in structural connectivity (DTI) compared to healthy controls. 
Our secondary goal was to assess the potential effect of age 
at GGE onset on the white matter structure.
Material and Methods
Participants
Data from 23 patients with a diagnosis of GGE (13 females, 
mean age: 26±11 years; Table 1) and 23 healthy controls (18 
females; mean age: 50±15 years) were included. Patients with 
GGE were identified retrospectively through review of a pro-
spective database maintained by the University of Alabama at 
Birmingham Epilepsy Center. All included patients underwent 
standard MRI for clinical purposes as requested by the manag-
ing epilepsy specialist and had the diagnosis of sole GGE con-
firmed by video/EEG monitoring based on the results of EEG 
(presence of GSWDs) and ictal characteristics. All patients were 
treatment-resistant at the time of enrollment, with frequent 
clinical seizures noted despite syndrome-appropriate treatment 
with antiepileptic drugs (AEDs); in all cases, history was con-
firmed by a board-certified or board-eligible epilepsy special-
ist. Subsequent to enrollment, several patients became seizure-
free, defined as no clinical seizures for the 6 months preceding 
the last contact (Table 1). We excluded patients with history of 
definite or suspected comorbid non-epileptic seizures, focal or 
poorly defined/unclassified epilepsies, non-diagnostic video/
EEG monitoring, or patients with significant neurological co-
morbidity (e.g., brain tumors, traumatic brain injury, or mental 
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retardation). Based on the most recent epilepsy classification 
scheme, included patients were diagnosed with the following 
GGE syndromes: juvenile myoclonic epilepsy (JME; n=6), juve-
nile absence epilepsy (JAE; n=3), Jeavons syndrome (JS; n=2), 
and other GGEs (oGGE; n=12) [2]. The consent requirement was 
waived by the Institutional Review Board because of the retro-
spective nature of the study. Demographic and clinical data on 
patients with GGEs are summarized in Table 1. Healthy controls 
were selected from a convenience sample of subjects included 
in 2 other prospective studies, and were matched as closely as 
possible for age with the patients with GGEs. All these subjects 
signed an informed consent form approved by the Institutional 
Review Board prior to study participation.
Imaging protocol
For the neuroimaging data, all diffusion tensor imaging (DTI) 
datasets were collected using a 3T Philips Achieva MRI scanner 
Patient ID Age Sex
Age of 
onset
Duration 
of epilepsy 
(years) 
Seizure free at the last 
appointment**
Semiology 
classification
The number of AEDs 
at time of scan
P1 28 F 27 1 No oGGE 2
P2 21 M 9 12 Yes JAE 2
P3 25 F - - No JME 2
P4 25 M 20 5 Yes oGGE 1
P5 18 F 17 1 Yes oGGE 1
P6 33 F 33 0.08 Yes oGGE 1
P7 17 M 14 3 Yes JME 1
P8 56 M 24 32 No* oGGE 3
P9 20 M 20 0.08 Yes JME 1
P10 18 F 8 10 No JS 1
P11 33 M 16 17 No JS 2
P12 20 F 17 3 Yes oGGE 2
P13 20 M 16 4 Yes JME 0
P14 17 F 10 7 No JAE 2
P15 58 M 18 40 Yes oGGE 2
P16 36 F 17 19 No oGGE 2
P17 18 F 12 6 Yes oGGE 1
P18 18 F 6 12 No* JME 1
P19 21 F 12 9 Yes oGGE 2
P20 17 F 14 3 No oGGE 1
P21 25 M 22 3 No JME 1
P22 19 F 19 0.083 Yes JAE 1
P23 25 M 0 25 No oGGE 4
Table 1. Demographics and clinical characteristics of the included patients with the diagnosis of GGE.
Patients were determined to be seizure if no seizures were reported for at least 6 months and in patients who ever experienced 
absence seizures at least a 24-hour EEG was negative for undetected absence seizures. JME – Juvenile Myoclonic Epilepsy; 
JAE – Juvenile Absence Epilepsy; JS – Jeavons Syndrome; oGGE – other Genetic Generalized Epilepsy; M – Male, F – Female; 
** Seizure freedom was defined based on the eligibility to drive which is 6-months seizure free in the State of AL. No* – data not 
available beyond discharge from the Epilepsy Monitoring Unit.
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(Philips Medical Systems, Eindhoven, Netherlands). A 32-di-
rection DTI scan was performed for all participants. The con-
trol datasets used for comparison with the GGE patients were 
obtained as part of 2 separate research studies. Due to the 
circumstances of the data collection, the MRI protocols used 
were similar but not exactly the same. DTI scanning parame-
ters are provided in Table 2.
Preprocessing of neuroimaging data
All structural and DTI scans were converted from DICOM (Digital 
Imaging and Communications in Medicine) format to the for-
mat native to the AFNI (Analysis of Functional Neuroimages) 
software package (http://afni.nimh.nih.gov/), which was used 
for the preprocessing of all DTI scans [28]. Specifically, the 
eddy current and motion corrections were carried out with 
AFNI “3dAllineate”, and the diffusion tensor model was cal-
culated with AFNI “3dDWItoDT”. Finally, fractional anisotro-
py (FA), axial diffusivity (AD), radial diffusivity (RD), and mean 
diffusivity (MD) images were calculated and then converted 
to NIfTI (Neuroimaging Informatics Technology Initiative) for-
mat for use in Tract-Based Spatial Statistics (TBSS) analysis.
Tract-based spatial statistics (TBSS) analysis
The voxelwise analysis of multi-subject DTI scans was per-
formed using FSL TBSS following a protocol previously im-
plemented in our laboratory [29–31]. Briefly, in the first step, 
every FA map was non-linearly co-registered to FMRIB58_FA 
image, which is a high-resolution averaged image of well-
aligned quality FA images in FSL. Next, a group mean FA image 
was created by averaging aligned FA images from all includ-
ed participants (patients with GGEs and healthy controls). The 
mean FA image was thresholded at a FA value of 0.2 in order 
to include only the major white matter tracts and also to sup-
press areas of high inter-subject variability and/or partial grey 
matter [29]. Next, a skeletonized mean FA image was created 
from the mean FA image. Non-parametric, independent t-tests 
were carried out for a group comparison of CGE patients ver-
sus healthy controls using FSL “randomise” with 5000 permu-
tations [32]. For analyses of the other indices, such as MD, AD, 
and RD, the FA images were used for nonlinear registration, 
and, subsequently, nonlinearly aligned MD, RD, and AD were 
projected onto the FA skeleton image. The differences in dif-
fusion indices between the 2 groups were considered signif-
icant at p<0.05 corrected (familywise error rate [FWE]) using 
threshold-free cluster enhancement (TFCE) [33]. The analyses 
were controlled for age and sex covariates by including them 
in our design matrix.
To further characterize the differences in the white matter 
clusters between patients with GGEs and healthy controls, 
we examined the relative changes in AD and RD in those re-
gions identified to have significant differences in FA between 
groups. This was accomplished by applying the transforma-
tions used to derive the FA skeleton to AD and RD and then 
performing paired t-tests using the skeletonized AD and RD 
maps. In white matter clusters of interest that had significant 
FA differences at p<0.05 corrected for multiple comparisons, 
comparisons between groups of AD and RD were performed 
using “3dROIstats” in AFNI to determine if these indices also 
showed relative increases or decreases. Finally, an average dif-
fusion index was calculated for each patient (i.e., an average 
FA/MD/AD for each patient) within each of the 5 regions in-
cluded in Figure 1.
Results
Demographic and clinical characteristics of our patients are 
presented in Table 1. Of the 23 patients with treatment-re-
sistant GGEs, 13 were female (57%) and 18 of the 23 healthy 
controls were female (78%). Although the distribution of males 
and females was not statistically different between groups 
23 Patients 18 Controls 5 Controls
DTI
Voxel size (mm) 1.70×1.70×2.00 1.75×1.75×2.00 1.60×1.60×2.00
FOV (mm) 244×244 224×224 256×256
TR (ms) 9939.66±282.40 11983.94±267.85 14535.13±120.06
TE (ms) 84.34±0.30 72 76.07±0.17
Slices 70 70 75
b-value (s/mm2) 800 800 1000
Table 2.  Diffusion Tensor Imaging (DTI) scan parameters for each subset of subjects included in the study (all subjects were scanned 
using Phillips Achieva 3T MRI scanner) [33].
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Figure 1.  Overview of decreased diffusion indices in GGE patients compared to healthy controls. Tract-Based Spatial Statistics (TBSS) 
results show representative slices of (A) decreased FA at p<0.05, (B) decreased FA at p<0.1, (C) decreased AD at p<0.05, and 
(D) decreased MD at P <0.05, corrected for the voxel-wise level family-wise error rate. The numbers (1–5) correspond to the 
clusters listed in Table 3. All the colored voxels represent decreased values in FA, AD, and MD in GGE; increases in the indices 
were not found in this study. The axial and coronal slices are displayed in radiological convention, where left in the image is 
right in the brain.
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(p=0.208), it could still be of clinical significance [34]. Further, 
healthy controls were older (mean age, 50±15 years; range, 
24–78 years) than patients with GGEs (mean age, 26±11 years; 
range, 17–58 year); this difference was statistically significant 
at p<0.001. Thus, both, sex and age were included in further 
analyses as co-variates.
After controlling for age and sex, several areas of decreased 
FA were noted in patients with GGEs (Table 3; Figure 1) when 
compared to healthy controls, including the corona radiata un-
derlying primary and supplementary motor cortex in the left 
hemisphere extending into the posterior limb of the internal 
capsule and to the contralateral brain stem, left brain stem, 
and left subcortical parietal regions. After relaxing the p-value 
to 0.1, right hemispheric decreases in FA were also observed 
homologous to those observed at p=0.05 in the left hemi-
sphere (Figure 1B). Overall decreases in FA were observed in 
multiple other white matter regions of the left and right sub-
cortical white matter (Figure 1B). Corresponding group differ-
ences in AD (Figure 1C) and MD (Figure 1D) were observed at 
p=0.05, but not for RD (data not shown).
Finally, the examination of the effect of the age at GGE onset on 
the white matter integrity revealed a significant correlation with 
the left parietal white matter region FA (R=–0.504; p=0.017); 
the FAs in other 2 regions trended towards significance (white 
matter underlying left motor cortex (R=–0.357; p=0.103) and 
left posterior limb of the internal capsule (R=–0.319; p=0.148). 
Other indices in these regions were not significant (all p>0.2). 
Duration of epilepsy had no association with FA (all p>0.2) or 
other indices except for the left brain stem diffusivity index 
(MD R=0.55584; p=0.007). We did not find a correlation be-
tween white matter indices and later seizure control (Table 1 
– “seizure-free at the last appointment”) – all p>0.1.
Discussion
We compared the microstructural integrity of white matter in 
patients with GGEs to healthy controls. We also evaluated the 
effects of age at GGE onset on the white matter integrity, as 
this may be an important factor in the presentation and clin-
ical characteristics of GGEs [35]. After controlling for age and 
sex, we found significant differences between groups that are 
bilateral but more pronounced on the left. Secondary analy-
ses revealed a relationship between age at onset and the de-
gree of FA changes. The implications of these findings are dis-
cussed below.
In general, patients with GGEs have been thought to have 
no detectable neuroimaging abnormalities and to have nor-
mal cognition [36]. However, with the advent of high-resolu-
tion MRI and modern analysis techniques, studies have identi-
fied subtle structural abnormalities in cortical and subcortical 
structures of patients with GGEs [14,23,37,38]. More recently, 
structural connectivity studies revealed changes in white mat-
ter structure, with some studies linking these abnormalities to 
cognitive deficits [24,39]. Our study adds to the growing body 
of evidence of the widespread structural brain abnormalities 
in patients with GGEs. The findings (Figure 1) of decreased FA 
in the white matter underlying the primary and supplemen-
tary motor cortex, posterior limb of the internal capsule, and 
the white matter in parietal lobe have been observed previ-
ously. We observed FA and other markers of white matter in-
jury to be different in bilateral brain stems. This is likely the 
result of the subcortical white matter tracts already affected 
by GGE traversing the brain stem, as the cortico-spinal tracts 
likely result in the observed changes. In contrast, changes in 
the brain stem are infrequently reported, which is probably a 
reflection of the difficulty in imaging this area of the brain or 
Cluster location
 Averaged t-values
FA AD MD
1
L Motor Cortex White Matter (Primary and Supplementary 
Motor Cortex)
1.7303 1.8586 1.1109
2 L Posterior Limb of Internal Capsule 1.7928 1.7716 0.7481
3 L Parietal White Matter 1.7290 1.4917 0.4409
4 L Brain Stem 1.6913 1.6434 0.7084
5 R Brain Stem 1.6914 2.0441 0.8777
Table 3.  Location and corresponding t-values for the areas showing significantly decreased fractional anisotropy (FA) in patients with 
GGEs when compared to healthy controls. Corresponding t-values reflecting relative changes in AD or MD are provided for all 
clusters that showed significantly different FA values between groups.
The group differences in FA values were considered significant for p<0.05, corrected for the voxel-level family-wise error rate. L – left; 
R – right.
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a focus of the imaging data analyses only on specific subcor-
tical regions [27].
The differences we observed confirm the findings from other 
studies and go along with the subtle deficits observed in pa-
tients with GGEs that closely resemble those present in frontal 
lobe epilepsies [19,20]. In fact, the presence of cognitive difficul-
ties in patients with GGEs is nowadays well recognized. In one 
study, the changes in the white matter underlying the supple-
mentary motor cortex were associated with changes in verbal 
fluency score and were related to seizure control [25]. In anoth-
er study, the white matter structural connectivity abnormalities 
were associated with worse performance on frontal function 
tests [24]. One study took a different approach to show that 
increasing cognitive load in JME resulted in increased function-
al coupling between the motor system and cognitive networks 
supporting the association sometimes observed in JME between 
heightened cognitive effort as a precipitant of seizures in some 
patients [40,41]. Finally, another study of children with recent-
onset JME showed that executive dysfunction was associated 
with smaller thalami and frontal lobes [39]. While cognitive per-
formance was not specifically tested in our study, the observa-
tion of the negative relationship between the age of onset and 
the white matter damage in our study is in agreement with at 
least 1 longitudinal study in absence epilepsy in which the au-
thors identified progression of volumetric decreases or stag-
nation of the development of the thalamo-cortical circuitry in 
children when compared to healthy controls [42].
Finding the asymmetry of the white matter injury is not un-
expected and it may have certain developmental implications. 
There are several developmental effects that need to be taken 
into account when analyzing data on a disease process that 
starts in childhood and adolescence, which is the case in most 
GGEs. In one study [20], the finding of differences in white mat-
ter between hemispheres was thought to be consistent with 
the previously observed asymmetries in structural connectiv-
ity of the language areas [43]. However, there may be other 
interpretations of the asymmetries, including the effects of 
brain development [44], age-related changes in the distribu-
tion of language functions [44–46], or existence of left hemi-
spheric EEG asymmetries in GGEs [47], all of which may be as-
sociated with asymmetries in the underlying brain structures 
and structural connectivity. In fact, the mean age of our pa-
tients at the time of GGE onset was 15 years (SD±8), indicat-
ing that white matter development was still ongoing in most 
participants at the time their epilepsy started [48,49]. Since 
there are differences in the maturation of the dominant and 
non-dominant hemispheres in human development with, the 
left hemispheric maturation process being more protracted 
due to the development of hemispheric specialization, it is not 
surprising to observe hemispheric differences in white mat-
ter injury. Future studies may need to take this factor into ac-
count when analyzing the data, as well as to collect data on 
patients with early- and late-onset GGEs. Finally, a longitudi-
nal study design may allow better characterization of these 
changes because they include and measure between-subject 
and intra-subject variability.
Certain limitations of the present study need to be considered. 
First, this was a retrospective and cross-sectional study in pa-
tients with treatment-resistant GGEs. Prospective and longitu-
dinal studies are needed to assess whether the structural con-
nectivity is affected by disease progression and whether the 
control of GSWDs and seizures has a positive effect on white 
matter development [16,50]. Second, patients with new- or 
recent-onset GGEs need to be enrolled and evaluated with 
neuroimaging biomarkers to assess not only the effects of 
epilepsy, but also of medications, compliance, and other fac-
tors [51,52]. Another limitation of the study is the use of data 
collected with somewhat different imaging sequences and of 
subjects who were not matched perfectly for age or sex. We 
attempted to control for these variables in the data analyses, 
but it is possible that the differences in subject characteristics 
and the acquisition sequences could account for some of the 
imaging findings in our patients; as such, we cannot exclude 
the possibility of subtle effects that affected our results. This 
could be mitigated in prospective studies. In addition, newer 
and more sophisticated white matter imaging sequences (e.g., 
HARDI) have been developed and may be used in the future 
to improve resolution of the white matter tracts and cross-
ing fibers [53]. Finally, cognitive and behavioral data should 
be acquired (e.g., formal neuropsychological testing and func-
tional MRI) to improve the ability to determine and interpret 
the specific white matter injury and the cognitive deficits that 
are associated with it that may be present in this population. 
Ultimately, studies evaluating combined structural and func-
tional connectivity may shed more light on the specific effects 
of GGEs on the developing and adult brain.
Conclusions
Our study confirms the presence of widespread white matter 
abnormalities in patients with GGEs and provides evidence 
that age at GGE onset may have an important effect on white 
matter integrity.
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